Histological subtyping of surgically resected lung adenocarcinoma has been shown to be of prognostic significance, and limited surgical resection has been proposed as a treatment of choice for early-stage lung adenocarcinoma. The accuracy of histological subtyping has been recently assessed in the surgical resection and small biopsy specimens; however, the accuracy of intraoperative subtyping on frozen sections remains relatively unknown. The aim of this study was to determine diagnostic accuracy and interobserver variability in histological subtyping of lung adenocarcinoma on intraoperative frozen sections. Overall, 112 consecutive cases of surgically resected stage I lung adenocarcinoma were reviewed independently by three pathologists. Histological patterns (acinar, lepidic, papillary, micropapillary, and solid) and mucinous variant were recorded in 5% increments for each intraoperative frozen and permanent sections. Primary and secondary histological patterns were assigned in each case. Kappa scores were calculated to evaluate agreement between pathologists in the assessment of histological subtype on intraoperative frozen sections versus permanent sections. Overall agreement between intraoperative frozen and permanent sections was moderate for primary pattern (69.7% of cases), with kappa scores ranging from 0.43 to 0.58, with more consistent agreement for stage IA tumors. Kappa scores for the secondary pattern ranged from 0.16 to 0.32. Acinar and solid patterns were most likely to be correctly identified as primary growth patterns. Micropapillary pattern was recognized in only 11-55% of cases. The main reasons for discrepancies between intraoperative frozen and permanent sections were inadequate sampling and poor quality of frozen sections. Our study suggests that it is difficult to predict the primary adenocarcinoma pattern on a single representative frozen section. This observation suggests a potential impact on the extent of frozen section sampling by pathologists at the time of intraoperative consultation, if surgical management of stage I lung adenocarcinoma will be guided by its histological subtype.
Many studies reported prognostic predictors and risk factors for recurrence in surgically resected nonsmall cell lung carcinoma including older age, male gender, angiolymphatic invasion, and tumor size. [1] [2] [3] The prognostic significance of histological subtyping of lung adenocarcinoma has been demonstrated in several studies and histological subtyping in 5% increments of the surgically resected lung adenocarcinoma has been recommended by the International Association for the Study of Lung Cancer (IASLC), the American Thoracic Society (ATS), and the European Respiratory Society (ERS) classification of lung adenocarcinoma, and most recently by the 2015 WHO classification of tumors of the lung. [4] [5] [6] [7] [8] Solid and micropapillary patterns have been associated with poor outcome in stage I lung adenocarcinoma, whereas tumors with lepidic growth pattern showed favorable outcome. 5, [9] [10] [11] [12] Mucinous morphology has also been reported as a negative prognostic indicator. 13 More recently, it has been recognized that adenocarcinoma with more than 10% cribriform component is associated with high risk of recurrence. 14 The type of surgical resection for peripheral, earlystage lung adenocarcinoma remains controversial, and lobectomy with lymph node dissection is still the most common approach. 15 Some surgeons have suggested that small (usually less than 2 cm) peripheral lung adenocarcinoma can be treated with a limited resection with survival and recurrence rate similar to lobectomy. [16] [17] [18] Recently, Nitadori et al 10 reported that the presence of 5% or greater of micropapillary component in lung adenocarcinoma measuring up to 2 cm in diameter and treated with limited surgical resection was associated with an increased risk of recurrence. This observation has potential practical implications for pathologists, who have to make an effort to accurately recognize histological patterns on the frozen sections. However, the accuracy of histological subtyping on frozen sections is relatively unexplored, and to our knowledge it was addressed in a single study only. 19 The aim of this study was to determine diagnostic accuracy and interobserver variability in histological subtyping of lung adenocarcinoma on frozen sections obtained at the time of intraoperative consultation.
Materials and methods

Patient Selection
A total of 112 consecutive surgically resected primary-stage IA/IB invasive lung adenocarcinoma specimens, with hematoxylin and eosin (H&E)-stained frozen and permanent sections available for review, were identified in the archives of the University of Pittsburgh Medical Center Department of Pathology. Specimens included 24 wedge resections, 30 segmentectomies, 55 lobectomies, and 3 pneumonectomies. There were 48 male patients and 64 female patients, with an age at diagnosis ranging from 41 to 89 years (mean 66). There were 77 patients with stage IA and 35 patients with stage IB tumors. The study was conducted under an exemption approved by the University of Pittsburgh Institutional Review Board (PRO 12070229).
Review of H&E-Stained Frozen and Permanent Sections
All available H&E-stained sections were independently reviewed by three pathologists including a senior pathologist in training (HETB), a general pathologist (PI), and a thoracic pathologist (SD). Histologic subtyping was performed according to the proposed IASLC/ATS/ERS lung adenocarcinoma classification and the 2015 World Health Organization (WHO) classification criteria. 4, 8 In brief, lepidic, acinar, papillary, micropapillary, and solid histologic patterns and mucinous variant were recorded in 5% increments. The primary (predominant) histologic subtype was considered to be the one with the highest percentage.
Statistical Analysis
Kappa (κ) scores were calculated to evaluate the agreement for each pathologist for the correct identification of the primary and secondary histologic patterns/variant. Discordant cases were identified as those with discrepancy for all three pathologists. Comparison of the agreement for stage IA and IB tumors was also evaluated. Interpretation of κ scores was as follows: 0.81 and 1.0 as almost perfect agreement, 0.61-0.80 as substantial agreement, 0.41-0.60 as moderate agreement, 0.21-0.40 as fair agreement, and 0-0.20 as slight agreement. 20 Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary NC, USA). Table 2 summarizes the accuracy of histological subtyping of lung adenocarcinoma on intraoperative frozen sections. The primary histologic pattern was correctly identified on frozen sections in 78/112 (69.7%) of cases. Overall agreement for the accuracy of histological subtyping on frozen sections was 'moderate' (κ = 0.51) ranging from κ = 0.43 for pathologist in training to κ = 0.58 for thoracic pathologist. Agreement was more consistent between pathologists for stage IA tumors than for stage IB tumors. For stage IA tumors, overall agreement was 'moderate' (κ = 0.52), ranging from κ = 0.49 (general pathologist) to κ = 0.55 (pathologist in training); however, there was much more variations in agreement for stage IB tumors, with an overall 'moderate' agreement (κ = 0.48), ranging from 'fair' agreement (κ = 0.29 for general pathologist) to 'substantial' agreement (κ = 0.71 for thoracic pathologist). The primary histological patterns that were most likely to be correctly identified on frozen sections were acinar (sensitivity 87.6%; specificity 65.4%) and solid (sensitivity 72.6%; specificity 95.8%). Lepidic-predominant tumors showed low sensitivity (33.3%) but very high specificity (95.4%). Papillarypredominant tumors had better sensitivity (50%) and also very high specificity (96.6%). Mucinous tumors showed the lowest sensitivity (27.8%) while specificity was the highest (98.4%; Table 2 ).
Results
Histological Subtypes on Permanent Sections
Accuracy of Adenocarcinoma Histological Subtyping on Intraoperative Frozen Sections
The secondary histologic patterns were least likely to be correctly identified, with sensitivities ranging as low as 13.3% for micropapillary pattern to 50% for solid pattern. The specificity for the secondary histologic pattern was high for all patterns, ranging from 88.6% for the acinar pattern to 98.1% for the micropapillary pattern. Overall agreement for the secondary histologic pattern was 'fair' (κ = 0.25) and lower than that for the primary histologic pattern, with agreement ranging from 'slight' agreement (κ = 0.16 for general pathologist) to 'fair' agreement (κ = 0.32 for thoracic pathologist). Agreement was similar between stage IA and IB tumors; for stage IA tumors overall agreement was 'fair' (κ = 0.25), ranging from 'slight' agreement (κ = 0.16 for general pathologist) to 'fair' agreement (κ = 0.28 for thoracic pathologist). For stage IB tumors, overall agreement was 'fair'(κ = 0.28), ranging from 'slight' agreement (κ = 0.14 for general pathologist) to 'fair' agreement (κ = 0.37 for thoracic pathologist).
Discordant Cases
The predominant histologic pattern of 12 cases (12/112, 10.7%) was misinterpreted by all three study pathologists. These were mostly stage IA (nine cases) tumors, whereas the remaining three cases were stage IB tumors. Technical errors were the most common reason for discrepant interpretations, including four cases with a poor-quality section and another four cases with inadequate, very small amount of tumor tissue submitted at the time of intraoperative frozen section consultation (Figure 1 ). The histologic pattern that was most likely to be misinterpreted was lepidic (five cases), which in all cases was interpreted as acinar by all three pathologists (Figure 2) . Two acinar-predominant tumors were interpreted as solid-and lepidic-predominant. Two papillary-predominant adenocarcinomas were interpreted as acinar-and lepidic-predominant, whereas two invasive mucinous adenocarcinomas were interpreted as papillary-and solid-predominant. One solid-predominant tumor was misclassified as acinar.
Discussion
Our study demonstrated that the accurate assessment of adenocarcinoma histologic subtype on frozen sections is challenging. We found a 'moderate' agreement for the primary pattern, and only a 'fair' agreement for the secondary pattern. Our findings are similar to that of Yeh et al, 19 who reported unsatisfactory accuracy of frozen sections for histologic subtyping with also only 'moderate' agreement 
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Lung adenocarcinoma intraoperative subtyping (κ = 0.565). Both studies are in contrast to the study by Motoi et al, 21 who reported 98.6% accuracy in histological subtyping. Studies performed to evaluate accuracy and agreement on permanent sections have shown much better 'substantial' agreement for conventional cases (κ = 0.77), whereas agreement for difficult cases was only 'fair' (κ = 0.38). 22 Some histologic patterns were more difficult to predict, with micropapillary, mucinous, and lepidic being the most challenging to identify. Sensitivity and specificity data for each histologic subtype provided relevant information about the difficulty to identify certain histologic patterns. Acinar and solid patterns were most likely to be correctly identified on frozen sections, as these patterns showed the highest sensitivity, 87.6% and 72.6%, respectively, with a very high specificity for the solid-predominant tumors (95.8%). This is similar to results reported by Yeh at al. 19 Interestingly, lepidicpredominant tumors showed a low sensitivity in our study (33.3%) and a very high specificity (94.4%). This result might be related to the fact that lepidicpredominant tumors showed a combination of acinar and lepidic patterns on the frozen sections and therefore were most frequently misclassified as acinar-predominant. However, after the entire tumor was submitted for permanent sections, the lepidicpredominant pattern was present indicating sampling error. The possibility of interpretation error should also be considered in some cases. Thunnissen et al 22 reported difficulties in differentiating acinar, papillary, and lepidic patterns on permanent sections. Authors suggested that cross-cutting of tumor growing along alveolar septae (lepidic) could mimic papillary pattern, which in our study sample showed a relatively low sensitivity (50%). Furthermore, authors indicated that desmoplastic stromal reaction could be mimicked by the collapsed lepidic pattern, a feature that would be very hard to recognize on frozen sections. In the current study, the most common reason for misclassification of the lepidic pattern was incomplete tumor sampling rather than interpretation error. Another possible explanation could be related to the fact that frozen sections were not performed on inflated lungs, as collapsed alveolar spaces can make interpretation of lepidic pattern extremely difficult. 23 One of the limitations of our study was the lack of tumors with a primary micropapillary pattern. However, cases with a secondary micropapillary pattern showed extremely low sensitivity (13%), but a very high specificity (98%). Yeh et al 19 reported similar observation for the micropapillary primary pattern. Nitadori et al 10 reported a high recurrence rate in adenocarcinoma with micropapillary pattern treated with limited resections. If this observation is to be confirmed by other studies, then it is very likely that micropapillary adenocarcinoma will be treated by lobectomy. The high specificity for its identification on frozen sections is reassuring that these tumors most likely will be recognized on adequately sampled tumors at the time of intraoperative consultation.
Our study provides an interesting observation regarding the stage of tumor (IA versus IB), which can be translated to tumor size. We found a larger variability for the degree of agreement between pathologists for the larger stage IB tumors. This finding suggests that the sampling error was most likely the reason for inaccurate subtyping, as larger tumors were more difficult to correctly subtype. Interestingly, smaller tumors (stage IA) were more often misclassified than larger tumors in the difficult cases (9/12), which suggest that factors other than sampling error also have a role in the misinterpretation of cases on frozen sections including pathologist's experience, interpretation errors, and poor quality of frozen sections. Similarly, Yeh et al 19 also found sampling error to be the main reason for the disagreement between frozen and permanent sections. The fact that secondary pattern showed overall less agreement also supports sampling error as one of the reasons for the disagreement.
Our study suggests that the pathologist's experience may not be the main factor that determines accurate histological subtyping of lung adenocarcinoma on frozen sections. Only the agreement of the primary pattern on stage IB tumor showed significant variability between pathologists, with the thoracic pathologist showing a 'substantial' agreement. However, pathologist regardless of experience showed comparable 'moderate' agreement for the primary pattern in stage IA tumors. In contrast, Warth et al 24 reported that thoracic pathologists showed 'substantial' agreement for the identification of predominant pattern on permanent sections, in contrast to pathologist in training with only 'fair' agreement. Possible reasons for this discordance could be related to different proportion of predominant histologic patterns between both study samples (our sample included more acinar-and papillarypredominant tumors and less lepidic-and solidpredominant tumors) and the fact that Warth et al 24 used permanent sections only.
Our study has some limitations. First, no survival data were provided. This was carried out intentionally, as our main focus was to determine the pathologist's ability to accurately determine the histological pattern of lung adenocarcinoma. Furthermore, this study is retrospective and all tumors had only one representative section submitted for frozen section, and therefore survival analysis would not reflect the biology of disease. Finally, we observed large differences in the quality of frozen sections that were prepared by different pathologists in training, pathology assistants, and pathologists with different levels of technical skills in preparation of frozen sections and at different time points.
In summary, our data indicate that subtyping of lung adenocarcinoma on frozen sections is difficult and may not be reliable. The reasons for the low agreement are multiple, but mainly related to sampling artefact of larger and more heterogeneous tumors, the quantity of the tumor tissue submitted for frozen sections and quality of the frozen section slides. If limited surgical resection will become a new standard of care, the role of surgical pathologists in the intraoperative assessment of histological subtype of lung adenocarcinoma, especially those associated with poor outcome, will become extremely important in surgical decision making. Therefore, studies that would provide the recommendations for practice improvement are desired.
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